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Photoluminescence properties of N-implanted Alo.30Gao.70Aso.s2Po.38 alloy 
grown on GaAsO.G1 POSa9 substrates 
Chyuan-Wei Chen and Meng-Chyi Wu 
Research Institute of Electrical Engineering, National Tsing Hua University, 
Hsinchu, Taiwan 300, Republic of China 
(Received 2 July 1992; accepted for publication 9 March 1993) 
Luminescence data are presented on nitrogen-implanted Ale30Gac7eAso.62P0.38 epitaxial layers, 
which are grown on GaAs,,lP,,, substrates by liquid-phase epitaxy, with different annealing 
temperatures by the rapid thermal annealing technique. Except for the four emission peaks 
observed from undoped AlGaAsP layers, involving near-band-to-band, donor-to-valence-band, 
conduction-band-to-acceptor, and donor-acceptor-pair transitions, we also observe the 
recombinations from the N,, A$, and N, states associated with the nitrogen isoelectronic 
impurity in the N-implanted AlGaAsP layer. The existence of such states has been predicted by 
a theory of the N trap that includes both the long- and short-range characters of isoelectronic 
impurity potential in III-V alloys. The states iV,- and A$ are observed to lie below the r 
conduction-band minimum by 24 and 16 meV, respectively. The N, state is associated with 
indirect emission and is below the r conduction-band minimum by 34 meV. This is a report on 
the luminescence study of N-implanted AlGaAsP alloy. 
1. INTRODUCTION 
Attemps to develop the visible-light-emitting semicon- 
ductor devices have been increasing interest in the field of 
optoelectronics; for instance, high-performance optical in- 
formation processing system and plastic fiber optical com- 
munication. For these purposes, the alloys of AlGaInP on 
GaAs substrates and InGaAsP on GaAsP substrates have 
already been studied extensively. On the other hand, the 
quaternary AIXGal-fisl-,,PY layer lattice matched to a 
G~As~~~~‘(O<Z<~) substrate is another potential candi- 
date for visible-light-emitting device applications because 
of its large and wide band gap with their wide range of 
alloy compositions. The energy gap of AIXGal-&+-,,P, 
alloy can be tuned from 1.9 eV (x=0.0, y=O.39) to 2.26 
eV (x= 1.0, y=O.44) with lattice match to the commercial 
G~As,,~~P,,~~ epitaxial substrate. ’
The effect that isoelectronic substituents induce bound 
states in semiconductors, the so-called isoelectronic trap, 
was demonstrated by the discovery in 1965. This was first 
recognized in independent works on CdS:Te2 and GaP:N.3 
Isoelectronic substituents exhibit bound states when the 
impurity atom differs from the host atom it replaces, in 
both electronegativity and covalent radius. So, one can pre- 
dict whether the isoelectronic trap will bind an electron or 
a hole simply from a consideration of the electronegativity 
difference between the impurity and the host atoms.4 The 
nitrogen isoelectronic impurity in III-V semiconductors 
will trap an electron because of the electronegativity dif- 
ference between the nitrogen atom and the host atom it 
replaces. Once an electron is trapped, the center is charged 
and a hole is readily bound in the resulting Coulomb po- 
tential to form a bound exciton. The existence of such a 
bound exciton is the source of the significant radiative re- 
combination in these III-V semiconductors5-’ and can be 
used to probe the local environment in the alloy.8-‘o The 
analytic expression for the radiative recombination proba- 
bility of a trapped electron in an indirect semiconductor 
with ,y conduction-band minimum lowest has a term in the 
denominator involving the energy difference [Eg( I’) 
- Eg( x)] between the l? and x conduction-band minima.’ ’ 
The smaller the difference, the greater is the recombination 
probability. In materials such as GaP where the l? and x 
conduction-band minima are fairly close in energy, the re- 
sulting increase in radiative recombination probability is 
known as band-structure enhancement (BSE) .ll When the 
S and ,x conduction-band minima are adjusted to be closer 
together, the BSE is expected to increase and cause the 
radiative recombination rate to increase. This is a result of 
the fact that the wave function of the electron trapped by a 
short-range potential induced by nitrogen is widely spread 
in k space and that its modulus at k=O becomes larger 
near the direct-indirect composition of III-V alloys.12 The 
interest in nitrogen doping in GaP,13*14 GaAs1+P,,11~15116 
and In1-XGa,P’2”7-‘9 alloys has been motivated by an in- 
terest in optoelectronic applications and in the fundamen- 
tal studies of disorder effects due to alloying. 
Ion implantation is an effective, convenient, and reli- 
able technique for introducing nitrogen impurities with a 
precise doping concentration and depth profile. But the 
high energy ions will produce a considerable number of 
defects and local strains, which are effective centers for 
nonradiative recombination of photoexcited carriers.20-22 
Annealing is necessary to repair these nonradiative defects 
and to increase the substitutional fraction of the implanted 
atoms for the host. atoms through the reordering pro- 
cess.23-25 
These are the motivation for the present study. In this 
article, we shall present the first report on the photolumi- 
nescence (PL) study of rapid thermal annealing (RTA) 
technique from nitrogen-implanted ~.30G~.7~s0.62Pe.3s 
alloy with a band gap of 2.018 eV which is near the direct- 
indirect crossover point with a band gap of 2.025 eV.’ 
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II. EXPERIMENTS 
Liquid-phase-epitaxial (LPE) A~.30G~,oAso~62Po~3s 
crystals were grown using a horizontal furnace system and 
a conventional graphite slider boat. The substrates used 
were GaASo.61Po,3g commercial epitaxial wafers grown by 
vapor-phase epitaxy on a Si-doped ( lOO)-oriented GaAs 
substrate 2” off toward (110) with a 30-pm-thick GaAsP 
graded composition layer between the GaAs and 
GaAso.61Po,~9 layers to avoid a large lattice mismatch. The 
surface G~As~.~~P,~~ 
7 X 1016 cmw3 
layer is 40 vrn thick and n doped to 
with Te. The so-called cross-hatched pattern 
caused by the lattice mismatch between GaAs and GaAsP 
was observed on the surface of GaAsP wafer.26’27 For the 
LPE growth of AlGaAsP, all the gallium solvents were 
first prebaked for 10 h or more at 900 “C in a Pd-purified 
Hz 000~ to reduce the residual concentration in the 
AlGaAsP layers. After prebaking process, appropriate 
amounts of Al metal and undoped polycrystalline GaAs 
and GaP solutes were added to the prebaked Ga melt to 
form the Al-Ga-As-P growth solution with ,& = 0.0017, 
&, = 0.9869, XL = 0.0108, and xb = 0.0006, where xf is 
the atomic fraction of one element, i, in the quaternary 
solution.28-30 The liquidus temperature of this solution is 
- 800 “C by visual observation through the gold-coated 
transparent furnace. The solution was heated at 840 “C! for 
1 h to dissolve charges and to homogenize the solution 
completely before the growth. The temperature was cooled 
down after the saturation, and the solution was brought 
into contact with the GaAsP substrate at a cooling rate of 
0.5 “C/mm The growth was commenced at 794 “C, e.g., 
6 “C supersaturation. The thickness of AlGaAsP epitaxial 
layer was typically 2 pm during a fixed growth period of 12 
min. 
The AlGaAsP as-grown layers were implanted with 
nitrogen ions at room temperature with acceleration ener- 
gies of 30, 60, and 120 keV, with a typical dose of 1 x 1013 
ions/cm2. To avoid channeling, the samples were tilted at 
an angle of 7” to the ion beam direction. The concentration 
profile of the implanted nitrogen is predicted to have a 
plateau of about 1 X 1018 cm-‘. Post-implantation anneal- 
ing at the samples was carried out with tungsten halogen 
lamps under flowing N2 gas in an A. G. Associates HEAT- 
PULSE system. Different annealing temperatures of 600- 
880 “C with a 30 s duration were accomplished using the 
computer-controlled rapid thermal system. Photolumines- 
cence measurements were performed to characterize the 
N-implanted AlGaAsP samples. Details of growth condi- 
tions and characterization techniques are described else- 
where. 1g,30 
Ill. RESULTS AND DISCUSSION 
position of Al,Gat+As,-$‘,, epitaxial layer is x=0.30 and 
y=O.38 determined by an energy-dispersive x-ray spec- 
trometry (EDS) and calibrated through ZAF (atomic 
number, absorption, and fluorescence) correction. This 
composition corresponds to a predicted emission wave- 
length of 615 nm at 300 K by assuming that the energy gap 
dependence on temperature in AlGaAsP is equal to that in 
GaP.29 The lattice mismatch between the AlGaAsP epitax- 
ial layer and GaAsP substrate normal to the wafer surface, 
measured by (400) symmetric planes of double-crystal 
x-ray diffractory, is controlled to be about +0.20%. Un- 
intentionally doped AlGaAsP epitaxial layers exhibit 
n-type conduction. The room-temperature residual impu- 
rity concentration is usually around 1-3X 1Ol6 cme3 as the 
Ga melt is baked at 900 “C for more than 10 h. 
For all the N-free and N-implanted AlGaAsP samples, Figure 1 shows the temperature dependence ( T=9-40 
except the samples annealed at temperatures higher than K) of PL emission spectra measured with the identical 
880 “C, the surface morphology is very shiny and flat but excitation density of 1 W/cm2 from the undoped AlGaAsP 
still with the cross-hatched-patter surface inherited from sample with an electron concentration of 2~ 1016 cmw3. 
the original misfit dislocations in the GaAsP sub- 
stratee262’3J 
All the PL curves are normalized to the same PL peak 
The interface between epitaxial layer and sub- intensity. The 9 K PL spectrum exhibits a dominant emis- 
strate is also flat and free from inclusions. The solid com- sion peak denoted as B and a weaker broad band that is 
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FIG. 1. Phataluminescence spectra of undoped Al,,30Gq,,cAs0,,,P0.3s 
layer excited by a power density of 1 W/cm* with an electron concentra- 
tion of 2x 10“’ crnme3 at various temperatures between 9 and 40 K to show 
the gradual evolution of the peaks. 
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merged by two peaks denoted as C and D. Peak B is lo- 
cated at 2.080 eV (5960 A) and has the strongest PL 
intensity. The weaker peaks C and D lie at 2.036 eV (6087 
A) and 2.049 eV (6050 A), respectively. No significant 
changes take place for peaks B and D when the tempera- 
ture is increased from 9 to 15 K. But the relative intensity 
of peak C gradually decreases and becomes a shoulder of 
peak D above 20 K. The other different characteristic of 
this 20 K PL spectrum is that peak B has a line shape 
broadening toward short wavelength side. An increase in 
the temperature to 25 K gives rise to the emergence of a 
weak wing of peak B, which is denoted as peak A and 
located at 2.093 eV (5924 A). The A-peak intensity in- 
creases with increasing temperature and peak B gradually 
appears as a shoulder in the long-wavelength wing of peak 
A at 40 K. From the above descriptions, we can identify 
the four peaks as follows. Peak A has the highest energy of . . 
EoJoGy;y P 
peak in this direct-band-gap 
so& 0.38 material and its relative intensity in- 
creases with increasing temperature and excitation density. 
Therefore, peak A can be interpreted as the near-band-to- 
band (B-B) recombination.31 Peak B, displaced by 13 
meV below peak A, dominates the low-temperature PL 
spectra and its relative intensity rapidly decreases as com- 
pared to that of peak A at higher temperatures. This be- 
havior is typical for the thermal decay of a bound exciton 
and we can assign peak B as excitons bound to neutral 
donor (BE) or donor-to-valence-band (D-V) transition32 
with a donor binding energy (ED) of 13 meV. Similar 
arguments on peak D are the same as those previously 
discussed for peak B. It involves transition from the con- 
duction band to acceptor level (C-A) with an acceptor 
ionization energy (EA) of 43 meV by calculating the en- 
ergy separation between peaks A and D. However, these 
residual donor and acceptor are not completely identified. 
The C-peak maximum shifts to higher energies and the 
linewidth of peak C decreases with an increasing excitation 
level. Therefore, peak C has the feature of donor-to- 
acceptor-pair (D-A) emission.33 Detailed discussions were 
given in Ref. 30. 
Figure 2 presents the dependence of 9 K PL spectra 
excited by a power density of 1 W/cm” on the annealing 
temperature (600-880 “6) for the same annealing duration 
of 30 s in the N2 ambient from the N-implanted 
‘%.30G%.7&0.62p0.3S samples. The undoped 
hl.30G%.7&s0.62p0.38 sample with a background electron 
concentration of 2X 1016 cm-’ is used as a reference. 
These spectra are also normalized to the same main peak 
intensity. As observed in the PL spectrum of undoped 
AlGaAsP alloy, peaks B, C, and D are also observed in the 
N-implanted samples annealing at the different tempera- 
tures. As the sample was annealed at 750 ‘C, the line shape 
of peak B broadens toward the low-energy side and a new 
peak Nh, located at 2.077 eV (5970 A), starts to appear in 
the PL spectrum. An increase in annealing temperature to 
800 “C! will result in the emergence of peak Nr and NY, 
which locate at 2.072 eV (5985 A> and 2.016 eV (6150 A), 
respectively. With further increasing annealing tempera- 
ture, the PL spectrum is gradually dominated by the peak 
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FIG. 2. The dependence of 9 K PL spectra excited by a power density of 
1 W/cm* on the annealing temperature (600-880 “C) for 30 s duration in 
the N2 ambient from the N-implanted Ab.,,Ga,,,&sO.,,Po,~~ samples. The 
PL spectrum from the undoped layer is used as a reference. 
Nr. The Nr-peak intensity with respect to peak B in- 
creases with increasing annealing temperature and reaches 
the maximum intensity at an annealing temperature of 
820 “C. At higher annealing temperatures, it decreases rap- 
idly and becomes too weak to be detected as the annealing 
temperature exceeds 880 “C. It suggests that the AlGaAsP 
crystal partially decomposes due to a high vapor pressure 
of the constituent P atoms at higher annealing tempera- 
tures. 
From the excitation-power dependence of low- 
temperature PL spectra (not shown in Fig. 2), the samples 
annealed below 800 “C exhibit similar PL spectra as shown 
in Fig. 2. With increasing power excitation, peak Nr starts 
to emerge on the low-energy side of peak Nk . At the power 
excitation of 1.5 W/cm2, the PL spectrum exhibits two 
peaks B and Nk with a weak shoulder of Nr. When the 
power excitation is raised to 2 W/cm2, the relative inten- 
sity of peak Nr increases with respect to peaks B and N; 
and it will become dominant with further increasing power 
excitation. This excitation-power dependence of PL spectra 
for the N-implanted AlGaAsP alloy is similar to that for 
the N-doped GaAs,-Q, (0.38<~~<0.47).~~ At higher 
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FIG. 3. The PL emission spectra measured with the excitation density of 1 W/cm* from the N-implanted A&joGae,,+sO,~,PO.Ss samples annealed at (a) 
800 “C and (b) 820 “C for 30 s under the N2 ambient at various temperatures between 9 and 40 K. 
power excitations ( > 20 W/cm2) for the samples annealed 
above 800 “C, the NX-band intensity saturates and peak Nr 
remains dominant with a shoulder of peak Ni-. 
The peaks Nr , Nr, and N, are not observed in the 
N-free AlGaAsP samples and should be associated with 
the N-isoelectronic impurities. When the annealing tem- 
perature is below 600 “C, these peaks are not observed in 
the 9 K PL spectrum. The reason for this is that the ma- 
jority of N atoms are nonsubstitutional due to incomplete 
reordering on the implanted surface layer.35 As shown in 
the earlier works, l1 the state labeled NN-pair or N, band 
in the nitrogen-doped GaAs, -J?, alloys is a relatively deep 
single N-impurity level associated with the x indirect-band 
edge. Located at the higher energy is the excited state Nr 
associated with the I’ conduction-band minimum. Nelson 
et aL36 have observed a state labeled N in the GaAsl-pz 
alloy with ~0.42. Unlike Nr and NY, which have a con- 
siderable long-range character, the state N exhibits mainly 
short-range behavior. In other words, all the N traps in 
GaAsi+P, and InI -,Ga,P can exhibit the long- and short- 
range behaviors.36 The theoretical analysis for the dual 
characters of N trap in GaAsP was carried out by taking 
into account both the long- and short-range isoelectronic 
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potentials, V, and V,, of N impurity in Refs. 37 and 38. 
These states associated with V, and V, are denoted as N, 
Nr, and N,. The emission peak N is just corresponding 
the peak Nk labeled in our study and is an another shallow 
N-impurity level associated with the l? direct-band edge. 
IIolonyak et al. 34 have examined the properties of Nk, Nr , 
and N, emission peaks in the GaAs, -3, alloys. As shown 
in Fig. 2, the emergence of Nb emission peak occurs at 
lower annealing temperatures ( > 700 “C) but Nr and N, 
emission peaks appear only when the samples were an- 
nealed at temperatures higher than 800 “C. The emergence 
of peaks Nk , Nr , and NX at different annealing tempera- 
tures may be due to their different short- and long-range 
characters. 
The PL emission spectra at various temperatures be- 
tween 9 and 40 K measured with the excitation density of 
1 W/cm2 from the N-implanted AlGaAsP samples an- 
nealed at 800 and 820 “C! for 30 s under the N2 ambient are 
shown in Figs. 3 (a) and 3 (b), respectively. As seen in Fig. 
3(a), the relative intensity of peak B with respect to peak 
Nr decreases rapidly as the temperature raises from 9 to 15 
K. Peak A, the transition of near-band-to-band recombi- 
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FIG. 4. Assignment of the main recombination peaks at low tempera- 
tures. 
nation, starts to emerge as a shoulder of peak Nr in the 
high-energy side at 20 K. The fact that the A-peak inten- 
sity increases gradually with temperature is the same as 
that observed from the undoped AlGaAsP sample. In the 
temperatures ranging from 20 to 40 K, the Nr-peak inten- 
sity decreases gradually and the spectra are dominated by 
the peak D, which is the transition from conduction band 
to acceptor level. The decrease of the relative intensity of 
peak Nr is similar to that of peak B. It can support the 
evidence that peak Nr is the emission of nitrogen donor 
associated with the l? conduction-band minimum. In addi- 
tion, an increase in the temperature moves the iVy-band 
maximum toward longer wavelengths or lower energies. 
Therefore, the band NY also has the feature of donor- 
acceptor-pair (D-A) emission by the presence of the nitro- 
gen deep donor associated with x conduction-band mini- 
mum. The donor ionization energy is calculated as 34 
meV, which is much larger than that of the general shallow 
donors (ED<5 meV) .3g@ The arguments for the tempera- 
ture dependence of PL spectra from the N-implanted 
AlGaAsP sample annealed at 820 “C as shown in Fig. 3 (b) 
are the same as those discussed previously. 
The assignment of the main recombination peaks from 
the N-implanted Alc,,Gaa,aA~,,62P0.38 alloy at low tem- 
peratures is described in Fig. 4. 
IV. CONCLUSIONS 
The photoluminescence spectra of N-implanted 
Ab.3oGao.7oASo.62Po.38 epitaxial layers grown on 
GaASo.61Po.3g substrates by liquid-phase epitaxy have been 
investigated at different annealing temperatures for a fixed 
30 s duration by the rapid thermal annealing technique. 
The peaks Nk, N,- , and NY are observed as compared to 
that obtained from the undoped layer. The N$peak emis- 
sion, which is predicted to have the short-range character, 
starts to emerge when the annealing temperature is higher 
than 700 “C. Unlike the peak Nk , the recombinations from 
the Nr and iV, states, which are considered to have a 
long-range character, appear by increasing the annealing 
temperature to 800 “C. The nitrogen-related band N,Y has 
the feature of donor-acceptor-pair emission. On the other 
hand, the peaks iVr and Nh , which exhibit a similar feature 
of donor-to-valence-band transition (peak B), are consid- 
ered as the recombination from nitrogen donor associated 
with the I’ conduction-band minimum to valence band. 
This is the first report on the photoluminescence properties 
of N-implanted AlGaAsP alloy. 
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